Abstract: This paper presents an Unmanned Aerial Vehicles (UAV) based 3D city modelling approach to be used in managing and planning urban areas. While the urban growth is rapidly increasing in many places of the world, the conventional techniques do not respond to the changing environment simultaneously. For effective planning, high-resolution remote sensing is a tool for the production of 3D digital city models. In this study, it is aimed at designing the remote sensing by UAV through urban terrain. Using all the information produced from UAV imagery, high-accurate 3D city models are obtained. The analysis of XYZ data of the derived from 3D model using UAV photogrammetry revealed similar products as the terrestrial surveys which are commonly used for the last development plans and city maps. The experimental results show the effectiveness of the UAV-based 3D city modelling. The assessed accuracy of the UAV photogrammetry proved that urban planners can use it as the main tool of data collection for boundary mapping, changes monitoring and topographical surveying instead of GPS/GNSS surveying.
INTRODUCTION
The percentage of the population living in cities of more than half of the world will exceed 75% over the next 30 years [1] . Considering that more than a few million people have moved to the city each month, urban growth is the fastest phenomenon in the developing world [2] . In the face of continuous-increasing population and size of cities, this is expected to be a compatible development and planning from the environmental, spatial and social aspects [3] . The utilization of the latest technology which provides for a high accuracy and speed, for collecting of 3D geographical data in real-time is so critical. With the 3D data produced through this technology, the possibility of evaluation and monitoring of urban changes is provided [4] . For example, monitoring built-up areas, updating development plan and detecting illegal buildings can be performed using the feature extraction from the produced 3D model [5] .
The planners need high-accurate 3D terrain and surface models of urban area to improve their performance for urban domains [6, 7] . For the 3D digital city, highresolution image is one of the most important information sources [8] [9] [10] . The terrain modelling is experiencing significant advances thanks to the availability of improved methodologies and cost-effective instruments for data acquisition and analysis, such as Unmanned Aerial Vehicles (UAV) , that demonstrated to compete with traditional data acquisition platforms, such as aircraft and satellite, due to high spatial resolution of imagery, high operational flexibility and low operational costs. [11] [12] [13] [14] . It has potential uses in the planning stages as well as many views of urban life [15, 16] . The rapidly developing technology of UAV is a low-cost data collection tool with the availability of planners [17, 18] . As the main method of data capture for topographical surveying and boundary mapping, UAV photogrammetry can especially replace GPS/GNSS surveying [19] . After these technological advances, technical and legal arrangements have also been made as required by urban planners [20] .
Aerial images taken on UAV and using low cost software can be used to produce accuracy of photogrammetric products for most of the engineering purposes [18] . Obviously the labour needed with land survey topographic works is significantly more extensive than with UAV photogrammetry. Moreover, the cost of satellite or manned aircraft images is higher than the cost of the UAV imagery. While interactive design and planning will still be of need and value, a detailed accuracy assessment should find more interest. In this study, an accuracy assessment, therefore, will be performed for the UAV-assisted spatial modelling to reflect the quality of the digital land models which will be used by urban planners. The results from UAV photogrammetry will be compared with ones from the RTK/GNSS, CORS and other terrestrial surveying to gain the insight into the modelling efficacy in accuracy and time domains. Here, the UAV-assisted modelling is focused to create high-accurate digital terrain model. By instantly producing digital land models, the proposed approach can be used to monitor zoning activities in urban or non-urban areas by urban planners. Considering the policy of the regulation, application and permission in many countries around the world, UAV photogrammetry provides more efficient, faster and economical solutions than terrestrial methods, aircraft and satellite [18] . Moreover, natural hazard damages can be mapped using UAV which is a safe and efficient way of taking highresolution images.
RELATED WORK
3D modelling and visualization is a rapidly developing area for urban planning and modelling. Many more efficient and effective methods developed by the researchers to create three-dimensional city models are available [21] . These can be grouped into automatic, semiautomatic and manual methods. While the automatic approach extracts 3D natural and artificial objects from satellite or aerial images by using image processing technologies, the semiautomatic approach creates 3D objects separately based on the technological support such as photogrammetry and 3D vision. On the other hand, the manual approach produces all the geometries of an object one by one in a commercial software package.
Photogrammetry is a semiautomatic object of the technologies commonly used in extracting 3D geometries. It can be used for both ground and aerial images. The ground and aerial images are used to extract the details and the forms of buildings, respectively [22] . The desired attributes of object are obtained from multi-image photogrammetry (or structure from motion). An advantage of ground-based photogrammetry (close-range) is that taking photos does not cost much. However, there are some disadvantages. For example, it may be difficult to overlap and match the two photos with different white balances on the same sides of building. In summary, ground-based photogrammetry is useful especially for extracting geometric details of the buildings.
Another approach is to use UAV-photogrammetry modelling. It is advantageous because it needs only a few images [23] . Without the fixed colour balancing of image, the textures of buildings are extracted from the photo. The satellite and aircraft photogrammetry are more costly methods than the ground-based techniques when considering their installation, operation and data collection costs. On the other hand, the unmanned aerial vehicle is now a cheaper alternative to conventional aerial carrier platform.
From 2D aerial stereo images, a semi-automatic approach for creating 3D topologically structured data has been developed [24] . In order to acquire 3D point cloud data and to build a very high resolution 3D city model, the UAV-assisted stereo pair images have been used as raw data [25, 26] . The UAV technology has made significant progress in system development and hardware in last decade; therefore, it is an important tool for surveying and mapping. Especially, data acquisition can be performed for very high resolution city modelling carrying off-the-shelf digital cameras and/or other sensor systems [27] . 
PROPOSED METHODOLOGY
The proposed procedure can be summarized as follows: (a) Camera calibration scheme, (b) UAV-based data acquisition, (c) UAV imagery triangulation, (d) Production of the data cloud, (e) Integration of UAV point data to GPS/GNSS geo-reference and adjust the point cloud data, (f) Modelling of DTM, (g) Texturing model from aerial imagery, (h) Quality control using GPS/GNSS, CORS and terrestrial surveys. Fig. 1 shows the workflow structure for introducing the proposed method in this study.
EXPERIMENTAL STUDY
In this study, the low-cost and flexible UAV was used as the carrier platform in order to collect the aerial imagery. A brief summary of the used platform and other equipment is given below:
• UAV: Mikrocopter Octocopter XL 8 multi-rotor control platform with gyroscope and GNSS antenna, MK3538 -black brushless motors, IR camera trigger, MK SLR2 camera gimbal, video transmission system. It is equipped with LiPo batteries with a capacity of 11000 mAh. The weight of main body is 2.0 kg, the weight of digital camera with lens is 0.250 kg and the weight of battery is 0.8 kg.
• Sensor System: Canon EOS-M Mirrorless Digital Camera, 18.0 megapixels, CMOS sensor (22.3 × 14.9 mm), 18-55 mm lens, time lapse software.
• GPS/GNSS Receiver: Satlab SL500 dual-frequency instrument has a manufacturer's stated accuracy specification of ±1 cm +1 ppm RMS horizontal, and ±2 cm + 1 ppm RMS vertical.
• Total station: Kolida KTS-442 RLC with the following technical performance: precision angular measurements 1", distance measurements reflectorless 5 mm +3 ppm up to 600 m, typical measurement times 0.5 s.
Camera calibration is also important for any photogrammetric study since high-accurate digital modelling requires well calibrated cameras [28] . In other words, a calibrated camera provides information about the used camera that improves accuracy for the modelling studies. It is a process of determining the characteristics of a camera so it can be used as a measurement device. This determination needs to be created only once and it is used for consecutive project. For this study, the calibration of the Canon EOS-M digital camera was performed using AgisoftPhotoscan in camera calibration module based on several images of a calibration grid [29] . Before producing 3D modelling, the CCD format size of a digital camera (Fw, F h ), the focal length of the lens (f), the lens distortions (k 1 , k 2 , k 3 , and p 1 , p 2 ) and the principal points (X p , Y p ) were successfully determined as the characteristics specifications of the digital camera using the software tool. Finally, the calibration status report was obtained, and inserted in the software.
A major effort was devoted towards setting up a pilot project with the aim to collect very high resolution aerial imagery over the Canakkale Onsekiz Mart University (COMU) campus area, Canakkale, NW Turkey For a successful flight operation, it is very critical to be aware of potential problems on UAV. For safe flight, the GPS onboard, rudder, elevator and main frame, digital camera, camera mount, propeller, electronic speed controller and remote controller should be checked before the flight. A suitable location is provided for launching operation after all tests have been performed. For flight planning step, the working area and suitable locations for starting and landing were chosen. Fig. 3 shows the predefined waypoints of the flight planning in Google KML format. The distance between 4 parallel neighbouring flight lines was planned with 40 m which equates strip and across-strip overlaps of about 80% and 60%, respectively. Note that the autonomous flight mission was preferred to capture images by digital camera in this study. The flying duration was approximately 18 minutes. Note that operational time depends on additional loading weights and the weather conditions. For the modelling area (400 × 500 m), 152 images were taken at a flying height of 100 metre in total with a pixel size of 2.3 cm depending on the flying height and the size of mapping area. Fig. 4 shows such a sample of small sub-block.
The processing of UAV images has had its own challenges in the last decade. Inertial Measurement Unit (IMU) and Ground Control Points (GCP) are required as input to obtain processed UAV images. Precise timetagging of the camera shutter precisely within the GPS time-scale is the prerequisite for annotating the acquired imagery with the position and attitude information derived from the on-board GPS/GNSS and Inertial Measurement Unit (IMU). After calibration, this allows to use the direct sensor orientation in the processing [30, 31] . Tab. 1 shows some of the geo-coding IMU data during the flying mission. For ground control points during the field campaign, the targeted ground control points were established to align 3D models and to control the UAV photogrammetry. The location of all the points was selected to appear in aerial images. The GNSS receivers were utilized to position at the centre of the targets, and 30 ground control points were surveyed terrestrially by RTK GPS/GNSS and CORS surveys for the global referencing in WGS84. For each GCP, 10 observation epochs were collected and the average value of 10 epochs was recorded as the surveyed coordinate of the related GCP. Consequently, the achievable accuracy was realized as a few centimetres for the GCP coordinates. Note that the corrections of the VRS approach were considered for the CORS surveys. As a rover antenna, the SATLAB SL 500 type GNSS receiver was used. The correction of rover receiver was sent via GSM. This large number of GCPs will provide a redundant registration in the processing software, as well as a profound quality control using the results from the RTK GPS/GNSS and CORS surveys.
The next step was image evaluation after data acquisition. The UAV images were processed using AgisoftPhotoscan Professional Software in order to produce 3D digital terrain model. This software uses a combination of Structure-from-Motion (SfM) and MultiView-Stereo (MVS). It is a computer vision technique that automatically constructs 3D models using images. In addition, it has been well developed for the stage of image processing such as camera calibration, triangulating image blocks using measured tie points, digitizing and texturing 3D features.
The automatic detection of characteristic points was performed on each aerial image as the first step of reconstruction of the image acquisition. In this stage, the GCPs were flagged to each image and the images were aligned in an absolute 3D space. The result is a reconstruction of the image and all matched feature points are accurately positioned in the 3D coordinate system. The features were matched for relating each point with its equivalent in other images. In this step, the maximum likelihood estimation performed the iterative bundle adjustment using the size of each image and the focal length. By projecting the pixels of each aligned image, the 3D sparse point cloud including 276.966 generated points was produced. The relative camera locations of each image and the sparse point cloud above the study area are given in Fig. 5 (a) . A dense point cloud was calculated using different depth maps combined in a single scene based on the position, orientation and focal length of each image frame. The dense point cloud consists of 36.129.484 points (Fig. 5(b) ). The 3D mesh and triangular models were constructed by the triangulation of the point cloud (Fig.  5(c) and Fig. 5(d) ). The produced 3D model included 2.408.632 faces. Finally, the texture projection was performed to appear more photorealistic in the 3D reconstruction processing. For this purpose, by projecting the images on the geometric framework of the model, the texture map was produced using a weight distance function of the true colours. Some examples of the final textured 3D models were presented in Fig. 6 . Note that the Photoscan software performed the assignment process of a colour value in 2D to a 3D geometry using UV-mapping procedure [32] . In a texture map, u and v coordinates in 2D space are basically connected to 3D (x, y and z) coordinates. The created 3D digital models can be used for producing 2D cadastral and transportation map updates successfully. The resulting geo-referenced orthophoto and DEM were imported into ArcMap to obtain cadastral map [8, 33] . Thereby, Fig. 7 shows the cadastral map of COMU campus area obtained from the 3D digital terrain model. The accuracy assessment for the cadastral map from UAV imagery and finally a comparison with the results from tape measurement was performed. First, the same control distances were measured by a steel measuring tape. Then, the same distances were also obtained from the cadastral map. The UAV-based cadastral map and the surveyed distances clearly show that the lines have almost overlapped. Moreover, the results of UAV-model measurements were compared against results from tape surveying as a further quality check. The difference results are close to each other in the cm level, up to 2 cm.
RESULTS AND DISCUSSION
UAV-assisted digital photogrammetry based on structure from motion (SfM) algorithms was used to derive a very high spatial resolution DSM and orthophoto mosaic [34, 35] . Dense surface model and the other sub-models obtained from digital imagery are given in the previous sections. To test the accuracy of the 3D model derived by UAV, the coordinates of 3D model were compared with the ones from RTK/GNSS and CORS surveys. For this purpose, 30 ground control points were surveyed as check point. Tab. 2 shows the errors in the coordinates between Orthophoto/DEM and RTK/GNSS surveys. The errors in X and Y components are in a few centimetres level. The coordinates of 3D models are compatible with the ones by RTK/GNSS. Table 2 The dataset of measured errors between the Orthophoto/DEM and RTK/GNSS surveys, and between the Orthophoto/DEM and CORS surveys for the target centres. Furthermore, Tab. 2 shows also the coordinate errors in X and Y components between the 3D model and CORS surveys. There is a similar trend in the difference between the coordinates. The mean and standard deviations of these errors were calculated to make a more concrete comparison between the coordinates of 3D model and GNSS surveys. For the geometric accuracy assessment of building height estimation, a building reconstruction method from UAV-based 3D model was evaluated in detail. For this purpose, the UAV carrier platform was used to get the high resolution digital images of the city in order to derive 3D city models and textures of buildings. Here, it is aimed to analyze the 3D model for building heights created from the 3D city models. For this purpose, a building facade was selected over the created 3D model. Here, a calibrated Kolida KTS-442 RLC total station was used to obtain precise observations using conventional terrestrial technique without reflectors (Fig. 8) . A calibrated Kolida KTS-442 RLC total station was located on the known reference points. The coordinates of 60 corner points on the building facade were surveyed using the total station. In addition, there are previously the model coordinates of the same corners from the existing 3D digital terrain model. Now, the quality of dataset of 3D model coordinates will be analysed comparing the results of terrestrial surveying. The difference of the coordinates between UAV 3D model and total station surveys can be seen in Fig. 9 , along with their means and standard deviations.
The evaluation of the dataset proved that the variations were a few centimetres for horizontal components, and were up to 9 centimetres for the height component. In such a case, it verifies that both the horizontal and height coordinates of the total station have higher accuracy than UAV-assisted 3D model.
CONCLUSIONS
The urban planning has to deal with immediate needs and problems in the rapidly growing world; it has a responsibility to the future generations as well as the public. The planners must do the necessary work and take the precautions in the general public interest. They preserve or advance the public interest by respecting the diversity, needs, values and aspirations of the general public. For this purpose, the geographic data is collected for land use and urban development by different surveying techniques. Nowadays, the planners integrate potential application of unmanned aerial systems into current municipal land use control by-laws. Especially, the variable of land use classification is building height for municipal zoning by-law tools. The unmanned aerial systems were used to create 3D virtual city models for urban planning effectively, fast and economically in the last decade.
The UAV is a highly adaptable technology that is constantly changing in innovative ways in order to provide greater utility. It provides aerial imagery data by which the planners can better inform the public by the latest way. In this study, the reconstruction of 3D models of the COMU campus was investigated in terms of accuracy. A large number of aerial images were taken by the requirement to produce a virtual reconstruction of this area. These images were taken with an Octo XL UAV. The images were processed in a workflow based on SfM/MVS and GCPs were surveyed with a GPS/GNSS technology. This resulted in mean absolute errors up to a few centimetres. Moreover, the ability of a UAV-based 3D model to produce coordinates at similar accuracies to RTK GPS/GNSS and CORS survey techniques in both planar and attitude components is significant. Especially, the results of the experiments for building facade surely confirmed the achievable accuracy by UAV technology. In summary, total cost of the experiments is approximately 2,500 USD. UAV photogrammetry can provide reliable horizontal accuracy. In addition, vertical accuracy requires ground control point to be reliable results. Here, the vertical accuracy was obtained in level of centimetre through 30 ground control points that were surveyed terrestrially by RTK GPS/GNSS and CORS surveys. The UAV-assisted 3D modelling is extremely costly and time efficient approach. Moreover, it can fill in the gap of existing technology for urban planning. Consequently, the proposed approach can be easily adapted to different 3D modelling applications. In addition, it is recommended to use the proposed approach for mapping damages safely and efficiently after natural hazards. The processing parameters strongly depend on a large number of variables to be selected. Moreover, these parameters are the camera characteristics, the image scale, the quality of the imagery, the size and volume of the area to be modelled, hardware capacity and so on. A rough 3D model was created as LoD-1 and a more detailed 3D model was generated for each separate structure as LoD-2, LoD-3 and LoD-4.
